Repeats in biology
An estimated one third of human proteins contain tandem repeats, and TR-proteins are involved in a variety of cellular activities and human diseases including neurodevelopmental disorders and cancer. The WD40 repeat shown above is one of the most commonly detected repeats in human proteins. It is composed of ~ 40 amino acids with well-conserved Trp (W) and Asp (D) residues, hence the name. The WD40 beta-fold is shown to act as a recruitment platform for proteins, DNA, and RNA, as such it is involved in a diverse array of cellular pathways.
Notably, several WD40 repeat-containing proteins are involved in disease-associated pathways such as CDC20 protein, which is linked to the ability of human glioblastoma stem cells to generate brain tumours [4 [6] ].
Another widespread example of TRs are leucine rich repeats (LRR). LRRs occur in proteins that are involved in a huge range of cellular activities including protein-protein interactions, cell adhesion, cell signalling, cellular trafficking, platelet aggregation, RNA processing, cellular polarization, neuronal development, apoptosis signalling, bacterial adhesion and invasion, as well as immunological response to pathogens and pathogen recognition. NOD-like receptors sense molecular determinants from a wide range of pathogens through their LRRs. Three polymorphisms in the LRR region of NOD2 have been found to directly associate with Crohn's disease which might contribute to defective sensing of microbial components, leading to the inhibition of NOD2 dimerization and proper activation of the NF-kB in monocytes necessary for pathogen clearance [5 [6] ].
Repeats vs domains
As stated, repeats are a distinct class of protein element. In comparison with domains, individual repeats are typically shorter and are unlikely to fold in isolation. While the overall tertiary structures are conserved, the sequence conservation of the repeat can be extremely variable, with some copies of the repeat hardly recognisable compared to the consensus.
The presence of short repeat units in proteins confers greater opportunity for evolution compared to domains. For example, repeat elements can expand and contract frequently in terms of unit numbers, especially in "open" structures where both termini are distant from each other, see Figure 2 . Theoretically there is no limit to how many repeat units can be added on either termini in "open" structures, since there is no steric impediment [4] [6] . 
Problems detecting repeats
Detection of repeat units is a challenge for a number of reasons:
1. It is difficult to detect individual repeat units because on average they are relatively short (< 60 aa) 2. It is problematic to define the boundaries of repeats 3. There is considerable sequence divergence among units of the same repeat (i.e. repeats within a single protein or members of a protein family [8] might degenerate at sequence level) 4. Repeats often correspond with areas of low compositional complexity such as disordered regions. (i.e. separating the two different signals can be challenging)
Despite of the aforementioned problems with detecting repeats, there is a continuous effort in identifying and classifying them. One approach used for identifying repeats is based on sequence homology detection, because sequence is conserved among evolutionary related proteins, thus it is possible to use profile hidden Markov models (HMMs) to identify repeats.
Profile HMMs are described in detail in our Pfam Database: Creating Protein Families tutorial [5] .
Creating a Repeat entry
Creating a Repeat type entry in Pfam [9] broadly follows the same process as creating other entry types, with the exception of threshold adjustment and boundaries determination. These two steps pose a more arduous task in cases of repeat units compared to domains. This is due to the sequence divergence and short length of repeat sequences.
Detecting repeats by profile HMMs involves careful, manual curation [10] and fine tuning of different parameters (allowance of inserts, deletes and amino acid [11] mismatches in the seed alignments, E-values and bit-scores for profile HMMs) in order to account for the intricacies of repeats. The process is explained in more detail in the next sessions (Threshold adjustment and Boundaries determination).
Threshold adjustment
In order to capture all examples of a repeating unit in a sequence, the inclusion threshold cut-offs (i.e. those sequence regions deemed to be part of the family) have to be carefully defined.
As described in our tutorial Pfam Database: Creating Protein Families [12], there are two different values in the HMMER output that we consider, E-values and bit scores. For each of these, there are two scores reported for every match, one for the individual hit and one for the sequence. The sequence bit score is the sum of all hit bit scores found between the sequence and the profile HMM. For most Pfam entries of type domain, the sequence and hit thresholds are very similar, around 25.0 bit, as you do not typically find domains repeated within a sequence.
In the case of repeats, we often define very different sequence and hit bit-scores. Consider a sequence with 6 identical repeats. Each individual repeat may each score 15 bit, meaning the sequence has 90 bit score. However, we have already highlighted that repeat sequence motifs degenerate, so in reality we usually have some repeats that match the consensus very well and others that do not. Therefore, it is more likely that our 6 repeat sequence contains imperfect repeats and we might find that the bit scores vary between 4 and 35 (see example in Figure 
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Published on EMBL-EBI Train online (https://www.ebi.ac.uk/training/online) 3). Setting a bit sequence of 50 and bit hit threshold of 4 would allow us to capture all instances of the repeat. Having a stringent sequence threshold requires the repeat to be observed multiple times, which prevents false positives from single matches that would happen at a threshold as low as 4 bit.
Figure 3:
To detect all repeat units in one sequence, we set a stringent bit sequence score and a low bit hit score.
Boundaries determination
While we have talked about defining the inclusion thresholds in Pfam, we have not talked about defining the actual repeating motif. In the case of repeat units, the hit boundaries can be ambiguous due to their short length and sequence divergence. Furthermore, the repeats near the termini of a sequence are less like those in the middle, as such defining the correct repeating unit can be challenging. However, in the case of our perfect 6 repeat protein, this is actually very easy.
Plotting the sequence against itself using software such as dotter [13] will reveal the start and end of each repeat. However, in reality it is often significantly more difficult to see where one repeat stops and another begins due to the divergence in sequence.
In Pfam, we adopt a number of different approaches to define the correct boundaries:
(1) Using known structures to determine the repeating unit (2) Using dot plots with different sequences plotted against each other Page 4 of 9
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Published on EMBL-EBI Train online (https://www.ebi.ac.uk/training/online) (3) Building profiles and shifting the boundaries until an optimal solution is found
In the perfect scenario, all Pfam repeat entries would model a single repeat unit (left in Figure 4 ), and for some repeats, such as the TAL_effector [14] , this is the case. However, single repeats have the drawback that despite our best optimisation of inclusion thresholds, we cannot detect every instance of the repeat, in every sequence. As a result, you sometimes detect a mosaic pattern of hits across the sequence .
In some cases the repeat single units are impossible to significantly distinguish from random noise (a problem exacerbated by the entropy weighting scheme employed by HMMER3), and so a sequence containing multiple repeats (usually 2 or 3 single copies) is used to construct the profile HMM (centre in Figure 4 ). While this has the advantage of typically covering more of the tandem repeat in the sequence, it results in a series of overlapping matches, that may still only reflect a partial match to the profile HMM. In such cases, the graphical representations of the matches on the Pfam website may appear as strange patterns of matching lengths.
Finally, some repeats are modelled as the whole set of tandem repeats (right in Figure 4 ). While it may seem that this should capture the entire repetitive region, the local-local matching search algorithm [15] means that multiple partial matches may occur, separated by instances of very poorly conserved repeats.
As stated previouly, it can be useful to compare the profile HMM to known structures, to help determine the repeating unit. However, structure identification of proteins with tandem repeats can itself be difficult due to the nature of the repeat region being intrinsically unstructured.
Figure 4:
Modelling of repeat units. In reality, the N and C termini repeat units can have less sequence similarity with the central units. This is due to fewer steric restrictions at the termini and also because they may have a role in capping the repeat structure. Therefore, the Pfam family model often represents multiple copies of the repeat units which offers an increased selectivity of the search model compared to a single repeat unit.
Clustering of entries
Structural properties of proteins are often more conserved than sequence. Therefore, a single profile HMM is often insufficient to model an entire, diverse, superfamily [16] of structurally related proteins. In Pfam [9] there is a hierarchal level of classification which groups evolutionary related entries in to sets, termed Clans.
The relationship between entries in a Clan may be defined by:
Page 5 of 9 19] ) which differ not only in sequence length but also in overall structure (whilst maintaining the same fold). Consequently, Pfam entries representing repeats within a Clan may be very different as shown in Figure 5 . 
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Summary
Tandem repeats (TR) in protein sequence and structure, are a distinct class compared to domains and motifs that may be present in a single or multiple fashion in each protein. Their detection is challenging due to the relatively short size and considerable sequence divergence between their units. Due to their high prevalence in human proteins and potential roles in a myriad of human diseases, there are considerable efforts in identifying and classifying them. One approach is based on protein sequence analysis which uses detection algorithms based on homology such as profile Hidden Markov Models (HMM). Profile HMMs offer an improvement in sequence detection methods compared to sequence-sequence comparison by utilising sequence-profile comparison. This allows greater sensitivity for detection of highly divergent repeat units in protein sequences. For more information on profile HMMs please refer to our tutorial Pfam Database: Creating Protein Families [5] .
